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Introduction
During recent years, there has been growing activity in the area of fabrication and characterization of efficient films on solid surfaces. Covalently modified surfaces possess novel properties and can be used for many possible applications. One of them is their usefulness as protective films [1] [2] [3] [4] [5] , which can act as the alternative to chromate or phosphate treatment of metal and alloys in aqueous media. Their important advantage is low price and less environmental pollution hazard [1] [2] [3] [4] [5] . In the recent years, free radical grafting has often been adopted to achieve the formation of covalent bonds between surface and the modifier. The most commonly used electrochemical procedures for diverse material surfaces consist of either the electrochemical oxidation of amine containing compounds, arylacetates or aliphatic alcohols, or by electrochemical reduction of diazonium salts in both nonaqueous and in aqueous solutions [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
4-aminobenzoic acid (4-ABA) is a non-protein, cyclic aminoacid that is widely distributed in nature. Most often it is used in sunscreen preparations and in diagnostic tests of the gastrointestinal tract [18, 19] . The amino group in 4-ABA is considered to be responsible for the film adhesion [18] . The modification of the electrode surface consists of the formation of amine cation radical with subsequent chemical bonding of the radical to the surface [6, [20] [21] [22] [23] [24] [25] [26] [27] . Recent works have shown a successful electrodeposition of 4-ABA from both nonaqueous [20, 24] and aqueous solutions in the presence of inorganic salts (for example KCl, K 2 SO 4 ) [23, 25, 28] . It should be stressed that the presence of inorganic salts increases the conductivity of a solution and increases the electrodeposition rate. It seems, however, that the presence of inorganic ions in the modification solution may also make them prone to embedding in the protective film which can be disadvantageous from the local corrosion point of view.
In the present paper, we consider the possibility of protecting stainless steel against pitting corrosion in acidified media containing chlorides. Our concept is based on the fabrication of 4-ABA film from aqueous solution in the absence and in the presence of 0.25 mol dm -3 K 2 SO 4 . The electrodeposition of 4-ABA films was carried out by two electrochemical methods, namely by cyclic voltammetry and galvanostatically. The protective properties of the resulting films on stainless steel were investigated in two kinds of aggressive media: 0.25 mol dm -3 K 2 SO 4 (at pH = 4) and 0.25 mol dm -3 K 2 SO 4 + 0.5 mol dm -3 KCl (at pH=4 
Experimental procedure
Analytically pure 4-aminobenzoic acid (4-ABA) was purchased from the Sigma company. Other reagents were also of analytical reagent grade and were used in an as-received state. The solutions were prepared from the distilled and subsequently deionized water. The 4-ABA solution was freshly prepared for each surface modification.
Samples of commercially available stainless steel (X20Cr13) containing (in wt %) C (0.17), Cr (12.6), Si (0.34), Ni (0.25), Mn (0.30), V (0.04), P (0.024) and S (<0.005) were used in the form of disks (operating surface area, 0.2 cm 2 ) as electrode substrates. Prior to each experiment, the electrode surfaces were polished with waterproof emery paper (No. 600, 1000 and 2000) and rinsed with distilled water. In order to characterize basic electrochemical properties of 4-ABA films, glassy carbon (from CH Instruments 104, USA) was used as an inert electrode substrate (geometric working area, 0.13 cm 2 ). Glassy carbon electrode was activated by polishing with aqueous alumina slurries (grain size, 0.05 μm) on a polishing cloth and rinsed with distilled water.
All electrochemical experiments were carried out using CH Instruments 660 electrochemical system (Austin, USA) at a temperature of 20±2ºC. A threeelectrode electrochemical cell was used with a glassy carbon or stainless steel working electrodes, a spiral platinum wire as counter electrode and a saturated calomel electrode (SCE) as reference electrode. Scanning electron micrographs were obtained using a JEOL Model JSM-5400 microscope of 3 nm resolution.
The electrochemical modification of the tested electrode substrate (glassy carbon or stainless steel) was performed in aqueous solution containing 10 mmol dm -3 4-ABA in the absence and in the presence of 0.25 mol dm -3 K 2 SO 4 . The corresponding films used in the further part of this paper are denoted as "4-ABA film" and "4-ABA/K 2 SO 4 film", respectively. The electrodeposition process was conducted by the use of two types of electrochemical methods: cyclic voltammetry and chronopotentiometry. The voltammetry cycling was applied by potential scanning (50 mV s -1 ) between 0.5 and 1.1 V (vs. SCE). The chronopotentiometry tests were conducted at constant anodic current density, 0.025 A cm -2 , while the working electrode potential was monitored simultaneously. After modification, the tested electrode was eventually rinsed with deionized water, and was then ready for characterization. We used scanning electron microscopy to characterize the obtained 4-ABA films on the tested substrates. To characterize the corrosion behaviour of uncovered and covered samples, the potentiodynamic polarization curves were recorded at 10 mV s -1 scan rate, by potential move between -0.8 and +1.6 V (vs. SCE) in acidified 0.25 mol dm -3 K 2 SO 4 (pH=4) solutions with and without addition of 0.5 mol dm -3 KCl. The film thicknesses were determined using profilometry (Talysurf 50, Rank Taylor Hobson). The thickness of the 4-ABA and 4-ABA/K 2 SO 4 films on stainless steel, as determined based on data obtained using a profilometer, was 0.5 and 0.7 µm. Raman spectra of solid samples in capillary tubes were recorded in the range 500-1800 cm -1 with a Raman accessory of En Wave Optronics -EZ Raman L-Portable Laboratory Raman System.
Results and discussion

The description of electrode modification process
4-aminobenzoic acid was deposited on the electrode surface using free radical grafting method which results in forming covalent bonds with the electrode owing to electrochemical oxidation of amine group in 4-ABA. In the case of the glassy carbon surface, the modification process can be divided into two parts: (1) one-electron oxidation of the amino group to its cation radical; (2) formation of covalent C -N bonds between the electrode surface and 4-ABA molecules [24] . Fig. 1 shows the oxidation process of 4-ABA and its grafting on the electrode surface. The 4-ABA grafted on electrode surface maintains a fixed charge on its terminal carboxyl acid group depending on solution pH (Fig. 1) . In high-pH buffer solution (pH >> pK a ), the carboxyl acid group on the 4-ABA film dissociates and is negatively charged. When the pH in the buffer solution is low (pH << pK a ), the carboxyl acid group on the 4-ABA film should be fully protonated without any net charge. Assuming that pK a value of the film obtained is close to that for 4-aminobenzoic acid (pK a =4.6), it can be assumed that the COOH group is fully dissociated in neutral solution. The effects of solution pH on properties of the 4-ABA modified electrode have been discussed in detail by Dong et al. [24] . Fig. 2 illustrates an example of the cyclic voltammograms obtained during the electrodeposition process of 10 mmol dm -3 4-ABA on GCE. The films were deposited for a duration of 240 s within the potential range from 0.5 to 1.1V using a potential scanning rate of 50 mV s -1
3.2.
Cyclic voltammetry
. The irreversible oxidation peak is observed at about 0.90 V; at the same time, the peak current decreases gradually with the subsequent potential scanning cycles. According to Dong et al. [24] , such a behaviour can be explained by assuming film formation on the electrode surface and inhibition of further 4-ABA oxidation by the existing films. Subsequently, after 10 deposition cycles, the covered samples were transferred to the 0.5 mol dm -3 K 2 SO 4 solution and then cyclic voltammograms were recorded (Fig. 2-inset) .
The cyclic voltammograms obtained during the deposition of the 4-ABA film on stainless steel (in this case, a little wider potential range was applied) are shown in Fig. 3 . As can be seen in the first deposition cycle, the steel surface is prone to the formation of metal oxides (a passive layer) due to oxidation. At E >0.8 V, the current values go up, which can be ascribed to the oxidation of the amine group in 4-aminobenzoic acid and the beginning of film deposition. The further increase of the anodic current V (E >1.1) is connected with transpassive oxidation of steel. In the inset of Fig. 3 the successive cycles (from 2 nd to 10 th cycle) of the 4-ABA film deposition are presented. Fig. 4 illustrates cyclic voltammetry responses obtained for 4-ABA films deposited on GCE and stainless steel. Although both kinds of response were similar in shape (oxidation peak at ~ 0.95 V), the voltammetric currents of films on stainless steel were clearly higher than those on GCE.
In order to find optimal conditions for highly effective 4-ABA films, we tested the effects of 4-ABA concentration in modification solution and electrodeposition time. In Fig. 5 , corresponding voltammetric responses measured for GCE are presented. As it can be noticed from Fig. 5 , the voltammetric currents increase with an increase of 4-ABA concentration in the solution (Fig. 5A ), but they decrease with increasing time of electrodeposition (Fig. 5B) .
The selection of the appropriate concentration of 4-ABA in the solution was made based on the microscopic observations of the obtained films and the assessment of their adhesion to the substrate. From the performed tests, it was found that a smooth and homogeneous film was assured when conducting the electrodeposition process from a solution containing 10 mmol dm -3 4-ABA for a duration of 240 s. Using a higher 4-ABA concentration (25 mmol dm Modification of GCE and stainless steel surface with 4-ABA and its characterization inhomogeneous structure with visible thickened areas and poor adhesion. Fig. 6 illustrates chronopotentiometric curves recorded during electrodeposition of 4-ABA on GCE. The films were deposited for a duration of 300 s using the following current densities: 0.010, 0.015, 0.020, 0.025 and 0.050 A cm -2 . Following 10-50 seconds, the system's potential reaches practically constant value. The current density was selected in such a way as to obtain a potential from 0.8 V to 0.95 V (the NH 2 group oxidation potential).
Chronopotentiometric studies
Comparison of the cyclic voltammetry responses (inset in Fig. 6 ) shows that the current density of 0.025 Acm is the best for deposition, assuring a homogeneous covering of the electrode's substrate. steel (Fig. 7B) electrodes. In most of cases, the voltammetric responses showed oxidation peak at a potential of ca. 0.9 V. The cyclic voltammetric response recorded for the 4-ABA film deposited galvanostatically on steel substrate corresponds to higher current as compared to that deposited by cyclic voltammetry. In order to get insight into the morphology of films electrodeposited on stainless steel, we examined them using scanning electron microscopy (Fig. 8) . Both types of prepared4-ABA films, namely electrodeposited by cyclic voltammetry (Fig. 8A) and galvanostatically (Fig. 8B) , appeared to show uniform morphology, good stability and compactness. The ABA films deposited on stainless steel by the two methods had a transparent, smooth and shining structure, whereas the ABA/K 2 SO 4 film exhibited a more developed, matt structure. ) intensities and assignments of selected bands of aromatic ring occurring in the Raman spectra of 4-ABA are presented in Table 1 .
Characterization of 4-ABA films
Corrosion test
In our previous works [29] [30] we demonstrated that 4-ABA/K 2 SO 4 films were advantageous for protecting stainless steel against corrosion, although they did not influence the pit nucleation potential. In this chapter, we compare the corrosion behaviour of 4-ABA films electrodeposited on stainless steel from solutions, respectively, containing and not containing dissolved K 2 SO 4 salt.
Potentiodynamic curves for stainless steel uncovered and covered with 4-ABA/K 2 SO 4 or 4-ABA film, in acidified sulphate solution, in the absence and in the presence of chloride ions, are presented in Figs. 10 and 11.
As it is seen in Fig. 10 , the presence of 4-ABA/ K 2 SO 4 or 4-ABA films on stainless steel is prone to a significant decrease of current densities, particularly ) intensities and assignments of selected bands of aromatic ring occurring in the Raman spectra of 4-ABA.
in the anodic range. In the passive range, the 4-ABA films exhibit 3-5 times smaller currents as compared to 4-ABA/K 2 SO 4 films. It is also noteworthy that the corrosion potential has shifted from -0.65 V (uncoated steel, curve-a) to -0.26 V (curves c and d). These results suggest good properties of the 4-ABA film in terms of protection against corrosion in an acidified medium. We have also addressed changes of the open circuit corrosion potential of stainless steel substrates modified with 4-ABA/K 2 SO 4 or 4-ABA films (Fig. 10B) . Under such conditions, the corrosion of bare steel proceeds at a fast rate immediately after its immersion in the solution. Modification of the steel surface with 4-ABA/K 2 SO 4 or 4-ABA films moves the open circuit corrosion potential in the passive range (ca. 0.2 V); then, the corrosion potential gradually decreases with the exposure time. As we can see, the 4-ABA/K 2 SO 4 film is more stable under these conditions. It comes from the simple test with Scotch TM tape showing that the adherence to stainless steel of films was improved when the respective films were fabricated in the presence of 0.5 mol dm -3 K 2 SO 4 . This way, in spite of their better passivation properties, the films produced without the addition of K 2 SO 4 are less stable because of the poorer adherence to the steel substrate.
In Fig. 11 , polarization curves for the uncoated steel and for the steel coated with 4-ABA/K 2 SO 4 or 4-ABA films in aggressive solution containing chloride ions (0.25 mol dm -3 K 2 SO 4 + 0.5 mol dm -3 KCl with pH=4) are presented. As observed in Fig. 11 , the corrosion potential of the covered steel electrode is shifted in the positive direction by ca 0.2 V (for 4-ABA/K 2 SO 4 film) or by ca 0.4 V (for 4-ABA film) compared to that of the uncoated steel. Generally, anodic currents decrease when the steel is coated with either of kind of film. In the Figs. 10A and 11, it is observed that the width of the passive region is clearly limited in the presence of 0.5 mol dm -3 chloride anions. The pit nucleation potential (E pit ) equals ca 0.0 V (Fig. 11) ; for bare steel, it is slightly more noticeable than for steel covered with both kinds of film. A careful analysis of E pit values shows that the pitting corrosion for 4-ABA film occurs at potentials of ca 50 mV more noticeable than that for 4-ABA/K 2 SO 4 films.
In order to evaluate the resistance of the 4-ABA covered steel to pitting corrosion in greater detail, bidirectional polarization curves, which characterize the repassivation ability of a surface, were recorded. The direction of potential move was being turned away at i a = 30 mA cm -2 which allowed repassivation potentials to be determined -see inset in Fig. 11 . The amount of material etched as a result of pitting corrosion strongly increases at E > E pit , after potential return starts to decrease until repassivation. The amount of material etched by pitting corrosion corresponds to the total charge "q" which has been consumed by the formation of pits [31] :
where: q 1 -the charge used in the forward direction (from the breakdown potential of the passive layer E pit to achieve the E end potential corresponding to the current of 30 mAcm -2 ), q 2 -the charge used in the return direction (i.e., from the E end potential to the repassivation potential -E rp ).
The mass of the etched material was determined from the second Faraday's law of electrolysis assuming a uniform etching of the two components (Fe 2 + and Cr The results of integration of bidirectional curves are presented in Table 1 . As the results from Table 1 show, the amounts of metal ions etched as a result of pitting corrosion are comparable; although, they are a little smaller for covered steel. The pits development, characterized by q 1, is the greatest for samples covered with 4-ABA/K 2 SO 4 film; however, the repassivation process (described by q 2 charge) is the most efficient for this kind of film. Current-time amperometric (potential step) approach was used to determine resistance of bare and modified stainless steel samples against pitting corrosion in chloride ions containing 0.25 mol dm -3 K 2 SO 4 + 0.5 mol dm -3 KCl with pH=4 solutions. In each case, time necessary to observe rapid current increase upon application of the potential of 0.05 V was monitored (Fig. 12) . The value of 0.05 V was selected on the basis of potentiodynamic measurements in 0.25 mol dm -3 K 2 SO 4 + 0.5 mol dm -3 KCl with pH=4 solutions. Further, each current increase observed was attributed to the passive layer breakdown (initiation of pitting) under distinct conditions, i.e., in the presence or absence of modifying film. Fig. 12 summarizes amperometric responses recorded for a) bare stainless steel, b) stainless steel covered 4-ABA/K 2 SO 4 and c) stainless steel modified with films 4-ABA. It comes from curve a, recorded for a bare stainless steel sample, that current drastically increases even at very short times (10 s) of exposure to a chloride containing solution. This result is consistent with the initiation of localized corrosion leading to the growth of pits on the surface of stainless steel. In the case of curve b, which was recorded in the analogous manner as before (curve a) but for stainless steel modified with 4-ABA/K 2 SO 4 film, the current measured after 400 s was approximately once times lower than that characteristic of bare stainless steel (curve a). In other words, 4-ABA/K 2 SO 4 film itself shows capacity for inhibiting processes of local corrosion. On the other hand, this protection is not sufficient since pits can be easily observed upon removal of the 4-ABA/ K 2 SO 4 film. Curve c shows the chronoamperometric characteristics of the stainless steel sample covered with 4-ABA film. At short experimental times, there is barely any increase of current. The sample would have to be electrolyzed for 800 s to reach the current value previously obtained after 10 s using bare stainless steel. The results are consistent with ability of 4-ABA incorporated into 4-ABA/K 2 SO 4 to block transport of chloride anions that are responsible for pitting corrosion of stainless steel.
Conclusion
In this paper, we have successfully performed the covalent deposition of 4-ABA films on X20Cr13 stainless steel and glassy carbon electrodes in aqueous solution containing 10 mmol dm -3 4-ABA without supporting electrolyte. The surface modification process with 4-ABA is possible by both cyclic voltammetry and galvanostatically methods. The resulting films of 4-ABA obtained stainless steel from aqueous solution are quite stable, uniform and corrosion resistant. The fabrication process of 4-ABA is very simple and universal. 4-ABA film exhibits promising properties towards the protection of stainless steel against general and pitting corrosion in the acidified, chloridecontaining medium.
